The volume of water ingested by swimmers while swimming is of great interest to individuals who develop risk assessments using quantitative microbial risk assessment or epidemiological approaches. We have used chloroisocyanurate disinfected swimming pool waters to determine the amount of water swallowed by swimmers during swimming activity. The chloroisocyanurate, which is in equilibrium with chlorine and cyanuric acid in the pool water, provides a biomarker, cyanuric acid, that once swallowed passes through the body into the urine unchanged. The concentration of cyanuric acid in a 24 hour urine specimen and the concentration in pool water can be used to calculate the amount of water swallowed. Our study population of 549 participants, which was about evenly divided by gender, and young and adult swimmers, indicated that swimmers ingest about 32 mL per hour (arithmetic mean) and that children swallowed about four times as much water as adults during swimming activities. It was also observed that males had a tendency to swallow more water than females during swimming activity and that children spent about twice as much time in the water than adults.
(QMRA) has been suggested as an approach for estimating the health risk for swimmers who may be exposed to con- The amount of water ingested while swimming has been of interest for many years. Several investigators have made estimates about how much water might be swallowed by swimmers through a variety of techniques not utilizing empirical data related to ingestion. Table 1 summarizes such estimates that have been suggested by researchers over the last 70 years. The estimates ranged from 10 mL to 50 mL.
Very few studies directly related to swimmer water ingestion have been conducted. However, in the latter half of the 20th century chlorinated derivatives of cyanurate were increasingly used to disinfect swimming pool waters.
In the presence of water, chlorinated isocyanurates dissociate to yield cyanuric acid and hypochlorous acid. The latter moiety acts as a disinfectant. The chlorinated isocyanurate acts as a stabilizer of the chlorine moiety, extending the disinfectant properties for a much longer period of time. This use led to the first empirical study of swimmer ingestion of water that was conducted by Briggle et al.
() and Allen et al. () . Their interest was not in how much water was swallowed during swimming activities, but rather in developing a new method for measuring cyanuric acid in swimming pool waters. Their studies were conducted to determine if there were health effects associated with exposure to cyanuric acid that had been added to a swimming pool in the form of a chlorinated isocyanurate. Although their studies were small, only five competitive swimmers, their investigation produced information indicating that competitive swimmers ingested, on average, about 322 mL (range 78 mL-793 mL) of pool water per hour. They also showed that cyanuric acid passed through the body unmetabolized, that only negligible amounts were absorbed through the skin, and that almost all of the cyanuric acid ingested could be recovered in a 24 h urine sample. Furthermore, they noted, 'Two volunteers in our study drank solutions of known CYA concentration. Subsequent analysis of their 24-h cumulative excretion indicated greater than 98% recovery of orally ingested CYA.' Dufour et al. () used the same approach to measure the ingestion volume of water by a small group of recreational swimmers in a pool environment. This pilot study was enabled by the widespread practice in warm climates of using chloroisocyanurate to disinfect swimming pool waters. The chlorinated compound, which is in equilibrium with the free chlorine and cyanuric acid in the pool water, provides a biomarker, cyanuric acid, that once swallowed passes through the body into the urine unchanged.
The amount of ingested water can be calculated if the concentration of cyanuric acid in the pool and in a 24 h urine sample, as well as the volume of urine sample, is known.
The results of this small pilot study showed that, on average, adults (greater than 18 years old) swallowed about 21 mL per hour and that children (18 years old or less) swallowed about 49 mL per hour. This small pilot study also showed that cyanuric acid in swimming pools could be used to estimate the amount of water ingested by recreational swimmers simply by measuring a swimmer's urine for this chemical after a swimming event in a pool containing cyanuric acid.
Although the results of the pilot study demonstrated that the study design was appropriate, the small population size, especially the small number of adults, made translation of results to other and larger populations less straight forward.
Therefore, a second follow-up study with a much larger population, representing different ages and genders of swimmers, was conducted. The purpose of this paper is to present the results of this large-scale study.
METHODS

Study approach
The large-scale study was conducted using the same approach used in the pilot study (Dufour et al.  ) that successfully measured the volume of water ingested by 57 swimmers while swimming. In the pilot study, swimmers were exposed to pool water disinfected with chloroisocyanurate. The approach was as follows:
• All trials were conducted at pools where the water was disinfected with chloroisocyanurate.
• Swimmers were recruited a few days prior to the swim event.
• Swimmers were directed not to swim the day before the swim event.
• Swimmers were informed of how and why the study would be conducted. All swimmers or their parents were requested to sign consent or assent forms prior to being admitted to the study. Pool water samples were taken prior to and on the day of the swim event.
• On the day of the swim event, swimmers were directed to perform normal swimming activities for approximately 1 hour.
• On leaving the pool, swimmers were directed not to swim on the following day.
• On leaving the pool area, swimmers were instructed to pick up a urine collection container and to collect their urine over the next 24 hours.
• Swimmers were instructed to return the collected urine samples to a designated collection site and to collect their compensation for participating in the study.
Study population
The demographic make-up of the study population is shown in Table 2 . The total number of participants in the study was 549. The participants were about equally represented by males and females. The age groups, which were selected using tree analysis (that will be described later), included children aged 6-10, who comprised 12% (n ¼ 66) of the study population; the group labeled teens comprised individuals aged 11-15 and included 22% (n ¼ 121) of the study population; and a group labeled adults comprised individuals 16 years old and older and made up 66% (n ¼ 192) of the study population. The labels children, teens, and adults will be used in the remainder of this paper to describe these three age groups.
Study sites
The study was conducted at nine public swimming pools in the Columbus, Ohio area. The pools were selected based on their use of chloroisocyanurate to disinfect the pool water.
The pool concentration of the chloroisocyanurate was maintained at a level of 30 to 50 mg/L, as suggested by the National Spa and Pool Institute (Tice ).
Participation consent and pool safety
Swimmers were approached 2 to 3 days prior to each swim event to solicit their participation in the study. Informed 
Sample collection
Pool water samples were collected from four locations around the pool prior to the start of the swimming activities.
The sampling locations were on each side of the pool midway between the corners of the pool. 250 mL samples were collected at a depth of 25 cm in amber colored plastic bottles, which were transported to the laboratory on ice. At the laboratory, samples were transferred to a 4 W C refrigerator and analyzed within 1 week.
Urine samples were collected over a 24 hour period by each participant following the swimming event. Each participant was given a sterile 1 gallon, wide-mouthed container. The participants were directed to collect their urine over the next 24 hours and return the specimen containers to the study representative after that period of time. All who agreed to participate returned urine samples. Urine sample data from two male and two female participants (0.7% of the total number) were discarded as outliers, corresponding to implied water ingestion in the range of 500-1,500 mL each.
Assay methodology
The assay methods for measuring cyanuric acid in pool water have been described previously ( The volume of water ingested was calculated from the amount of cyanuric acid measured in the pool water and in the urine sample using the formula: 
RESULTS
Tree analysis was performed to determine natural breaks or cut-points in the amount of water ingested by the study population rather than making arbitrary groupings. The single greatest determination of where reasonable cutpoints could be established was the age of the participants.
Participants between the ages of 6 and 10 years of age (children) formed a natural cohort, as did the participants between the ages of 11 and 15 years old (teens), and participants 16 years old or older (adults). The only other natural grouping based on volume of water ingested was between gender in the greater than 16-year-old group. This result was used to define relevant age and gender groupings, which are summarized in Table 2 .
Although the data in this paper are described in terms of geometric means and confidence limits because the data are logarithmically distributed, it is appropriate to state the overall mean as an arithmetic mean in order to compare it to contemporary published data. In this case, the arithmetic mean of water ingested by all swimmers was 32 mL. The geometric mean ingested volume for all swimmers was 14 mL with 95% confidence limits of 13 to 16 mL (Table 3 ). In Table 3 the ingestion volumes are shown by age group and gender. The tree analysis indicated that a natural cohort was formed by swimmers over the age of 15 years. We segregated this group by 10 year age intervals and also separated all swimmers by gender. These ingestion results show that the two younger age groups swallow significantly more water than the adult group; this is uniformly true for males and females. The data in the Table 3 are further illustrated in Figure 1 .
Study subjects were requested to spend an hour in the pool. However, the actual time spent in the pool, which was self-reported, varied considerably, with the range being between 47 minutes and 104 minutes. Table 4 Table 4 shows results from analysis of variance on log values with respect to ingestion, time spent in the water, and the rates of ingestion that were determined to be significant by this criterion. Among age groups, all are significantly different from each other with respect to the amount of water ingested (p < 0.001 for adults versus either younger group). The volumes ingested by the two younger groups were also statistically different from each other (p < 0.007). The amount of water ingested among males and females also differed statistically (p < 0.001), with males ingesting a geometric mean of 13.7 mL while females ingested a geometric mean of 8.0 mL. Only the ingestion rates between children and teens and the time in the pool between females and males were not statistically significant.
The observed differences in the amount of water ingested may be influenced by which age group is reporting.
Children spent nearly twice as long in the pool as teens or adults (Table 4 ). During the time they are in the water, the rate of ingestion implied by the combination of amount ingested and time in the water indicates that adults ingest less water per minute than those under age 16, while teens are seen to ingest water at the same as rate as children.
With respect to the adults alone, the difference in total ingestion between men and women is evidently due to their respective rates of ingestion, not time spent in the water (Table 4 ). Caution must be taken in interpreting these derived numbers too strictly, given they are based on self-reported data (minutes in the water); thus, they could be less reliable because of the anecdotal propensity of children, and even adults, to under-or overestimate how much time is spent in the water. Figure 2 shows the cumulative distribution of individual ingested volumes plotted by age group. These plots measured amount ingested from least to greatest by the percent of subjects who ingested that amount or less for each of the three age groups. The 75th percentile is shown for each age group. This indicates that 25% of the adult study participants ingested 27 mL of pool water or more, while for teens and children the corresponding amounts are 51 and 76 mL. The greatest volume of water ingested by children, teens, and adults, respectively, was 245 mL, 267 mL, and 279 mL. show that children swallowed more water than adults 7 (11-17) 49.5 (47-52) 16.4 (13-20) Differences between italic values are not significant. All other differences among age groups and gender are statistically significant at p < 0.01. while swimming. In the pilot study children (< or ¼ to 18 years old) swallowed 2.3 times the volume swallowed by adults (>18 years old), while in the large-scale study, children (< or ¼ to 10 years old) swallowed more than three times as much water as adults (>16 years old), and teens (11-15 years old) swallowed twice as much water as adults.
DISCUSSION
In the large-scale study males swallowed 1.4 times as much water as females, whereas in the pilot study the ratio was 1.2 times as much. Interestingly, the arithmetic mean of water ingested by all participants was 32 mL (geometric mean 14 mL) in the large-scale study and 34 mL in the pilot study. The only data that were not similar in the large-scale study when compared to the pilot study were the ratio of water swallowed by men and women. In the pilot study, the ratio was 0.5, while in the large-scale study, the ratio was 1.7. This discrepancy was perhaps due to the small number of adults that participated in the pilot study.
It is of some interest that the historic non-empirical estimates that have been made were very similar to the esti- They found that the average volume of water swallowed by swimmers was 14 mL and that children swallowed about 7.3 times as much water as adults (27.5 mL versus 3.5 mL), whereas in the large-scale study the overall arithmetic mean of water ingested was 32 mL and the ratio of water swallowed in children versus adults was 2.0 (47 mL versus 24 mL).
The duration of time spent in the water may also contribute to the risk of contracting illness while swimming. Children on average spent about 1 hour and 15 minutes in the water, whereas adults on average spent about 50 minutes in the water. This greater time spent in the water could account, in part, for the larger volume of water swallowed by children.
However, children and teens also had a higher rate of ingestion, implying swimming behaviors likely also play a role (anecdotally, children and teens are observed to be more active than adults). The greater ingestion of water is probably a combination of these behaviors. It should be kept in mind that duration of time spent in the water is a subjective measure, dependent on the self-reported estimate of each swimmer.
Among the upper quartiles of their respective groups, Figure 2 shows that children ingested almost twice as much water as adults 16 and older and 50% more than teens. Children, while comprising only 12% of the entire study population, made up 30% of those in the upper quartile, ingesting between 37 and 280 mL of water with an average of about 87 mL. It is interesting to speculate that children, since they swallow the most water, stay in the water the longest, and because their immune systems are not fully developed, would include most of the individuals in the 1 to 5% of all swimmers who suffer excess illness associated with swimming activities.
CONCLUSIONS
• Swimmers on average ingest 32 mL/h (geometric mean is 14 mL) of water while swimming, with a range of 0 to 280 mL per hour.
• Children swallow almost four times as much water (38 mL/h) as adults (10 mL/h).
• Males have a tendency to swallow more water than females during swimming activities.
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